We analyzed the 2.6-mm CO and 21-cm Hi lines toward the Magellanic superbubble 30 Doradus C, in order to reveal the associated molecular and atomic gas. We uncovered five molecular clouds in a velocity range from 251 to 276 km s −1 toward the western shell. The non-thermal X-rays are clearly enhanced around the molecular clouds on a pc scale, suggesting possible evidence for magnetic field amplification via shock-cloud interaction. The thermal X-rays are brighter in the eastern shell, where there are no dense molecular or atomic clouds, opposite to the western shell. The TeV γ-ray distribution may spatially match the total interstellar proton column density as well as the non-thermal X-rays. If the hadronic γ-ray is dominant, the total energy of the cosmic-ray protons is at least ∼ 1.2 × 10 50 erg with the estimated mean interstellar proton density ∼ 60 cm −3 . In addition the γ-ray flux associated with the molecular cloud (e.g., MC3) could be detected and resolved by the Cherenkov Telescope Array (CTA). This should permit CTA to probe the diffusion of cosmic-rays into the associated dense ISM.
INTRODUCTION
The Large Magellanic Cloud (LMC) is among the best laboratories for studying various astronomical objects and their physics because of its almost face-on inclination to us (∼ 35 • ) and a well-known distance (∼ 50 kpc, Pietrzyński et al. 2013) . Note that many shelllike structures-supergiantshells, superbubbles, supernova remnants (SNRs), are located in the LMC and can be easily observed with very little contamination as compared to the Milky Way (e.g., Dunne et al. 2001; Dawson et al. 2013; Maggi et al. 2016; Bozzetto 2017) . Recent progress in multi-wavelength high angular resolution imaging has allowed us to study the relation between the various types of shells and their environments in the LMC.
We have already shown that the interaction between the shockwaves and the ambient interstellar gas, the so-called "shock-cloud interaction," is an essential process for understanding the origins of high-energy radiation and cosmic-ray (CR) acceleration in Galactic SNRs. The shock-cloud interaction enhances the turbulence and magnetic field around gas clouds, producing rim-bright synchrotron X-rays and CR electrons with large roll-off energies (e.g., Sano et al. 2010 Sano et al. , 2013 Sano et al. , 2015 Sano et al. , 2016 . Moreover, the surrounding interstellar gas becomes a target for CR protons to produce γ-rays via neutral pion decay Fukui 2013; Yoshiike et al. 2013; Fukuda et al. 2014) . However, very few attempts have been made to study the Magellanic Clouds shells. As an important step, we are focusing on the Magellanic superbubble 30 Doradus C and its surroundings to better understand the relation among the shock-cloud interaction, high-energy radiation, and the origin of CRs.
30 Doradus C (DEM L263, N157 C) is known as a bright X-ray shell in the LMC with a diameter of ∼ 80-100 pc (e.g., Bamba et al. 2004; Smith & Wang 2004) . The non-thermal synchrotron X-ray shell is bright in its western region, whose luminosity is ten times higher than that of the Galactic SNR SN1006 (Bamba et al. 2004) . In contrast, the thermal X-ray shell is dominated by optically-thin thermal plasma and is bright in its eastern part, with estimated plasma ages of 0.9-6.7 ×10 5 yr toward this region (Bamba et al. 2004; Smith & Wang 2004; Yamaguchi et al. 2009 ). The other bright X-ray sources 30 Doradus, N157B, and SN1987A are also located in the northeast and southwest of the superbubble.
30 Doradus C also has been well-studied at multiple wavelengths. Optical and radio observations have resolved its shell-like morphology and revealed the presence of six stellar clusters, LH 90, with ages of 3-4 Myr and 7-8 Myr (e.g., Mathewson et al. 1985; Testor et al. 1993) . Most recently, H.E.S.S. detected γ-ray emission toward 30 Doradus C with a 1-10-TeV luminosity of (0.9 ± 0.2) × 10 35 erg s −1 (H.E.S.S. Collaboration et al. 2015) , suggesting evidence for CR proton and/or electron acceleration up to ∼ 100 TeV. In contrast, the interstellar gas associated with 30 Doradus C is yet to be studied in detail.
Here, we present 12 CO(J = 1-0) results of 30 Doradus C with the Mopra 22-m radio telescope. A detailed comparison of the CO, Hi, X-rays, and TeV γ-rays allows us to identify the associated molecular/atomic gas and to better understand the relationship among them.
OBSERVATION

Observations of
12 CO(J = 1-0) line emission at 115.271202 GHz were conducted from July 2014 to April 2015 using the Mopra 22-m radio telescope of the Australia Telescope National Facility. We used the OTF mode with Nyquist sampling, and the effective observation area was 7 ′ × 7 ′ . The typical system temperature was 700-800 K in the single-side band (SSB). The back end was the Mopra Spectrometer (MOPS) system with 4,096 channel (137.5-MHz) bands, corresponding to a velocity coverage of ∼ 360 km s −1 and a velocity resolution of ∼ 0.088 km s −1 ch −1 in the zoom mode at 115 GHz. After convolution with a 2D Gaussian function, the final beam size was ∼ 45 ′′ (FWHM). The pointing accuracy was checked every 2 h and was achieved to be within an offset of ∼ 7 ′′ . The absolute intensity was calibrated by observing Orion-KL [α J2000 = 5 h 35 m 38. et al. 2005 ). Finally, we combined the cube data with the MAGMA Data Release 3 (DR3) (Wong et al. 2011 (Wong et al. , 2017 using the root-mean-square weighting method. The final noise fluctuation was 0.022 K at a velocity resolution of 1 km s −1 .
RESULTS
Figure 1(a) shows an X-ray RGB image of 30 Doradus C as observed by Chandra (e.g., Bamba et al. 2004) . The soft-band X-rays (red; 0.5-1.2 keV, hereafter thermal X-ray) are dominated by the opticallythin thermal plasma (∼ 0.7 keV), while the hard-band X-rays (blue; 2.0-7.0 keV) represent the non-thermal synchrotron X-rays from the CR electrons with energies of ∼ 1 TeV or higher (e.g., Yamaguchi et al. 2009 ). The thermal and non-thermal X-rays are bright in the eastern and western halves of 30 Doradus C, respectively. These trends have also been investigated in the previous X-ray studies (Bamba et al. 2004; Smith & Wang 2004; Yamaguchi et al. 2009; Kavanagh et al. 2015) . In In order to estimate the radius and thickness (FWHM) of the X-ray shell, we assumed a three-dimensional spherical shell with a Gaussian distribution (e.g., Fukui et al. 2012) , and calculated only the region with an azimuth angle clockwise from the east to the south centered at (α J2000 , δ J2000 ) = (5 h 36 m 2. s 88, −69
• 11 ′ 49. ′′ 2), in which the X-rays with shell-like structure are significantly detected. Figure 1(b) shows the radial distribution of broad-band X-rays (0.5-7.0 keV). The actual structure of the shell named as "3D distribution" that we derived by Gaussian fitting the X-ray average value is measured from the center outwards. We found that the radius of 2.
′ 89 ± 0. ′ 08 (∼ 42 ± 1 pc) and thickness of 0.
′ 7 ± 0. ′ 2 (∼ 10 ± 2 pc) offer the best-fit values in Figure 1 (b) . Interestingly, the thickness of non-thermal dominant shell in the western half is 20 % less than that of thermal one in the eastern half.
Figure 1(c) shows the Mopra 12 CO(J = 1-0) distribution in a velocity range from V LSR = 251 to 276 km s −1 . Five CO clouds, MC1-5, were significantly detected (> 5 σ) along with the western shell. Three of them are coincident with CO clouds named 30Dor-25, 26, and 28, which were reported in the CO survey of the 30 Doradus region (Johansson et al. 1998) . The physical properties of the molecular clouds are summarized in Table 1 . We assumed a beam filling factor of 0.3 with 45 ′′ beam size (e.g., Minamidani et al. 2011; Okada et al. 2015) .
It is remarkable that the CO distribution shows a good spatial correspondence with the non-thermal X-rays on a 10-pc scale. Furthermore, some of CO clouds are rimbrightened in the non-thermal X-ray region. Figure 2 shows the radial profiles across the CO clouds MC1 and MC4. The profile x-axis increases towards the edge of the 30 Doradus C shell. The origin position of the radial profile is defined as the maximum CO intensity in the projected distance. Negative and positive values represent to the inside and outside the shell, respectively. We can clearly see the non-thermal X-ray excess around the CO peaks. The physical separation between the CO and X-ray peaks are generally within 10 pc. This trend is not due to the interstellar absorption. The optical depth τ x for X-rays is expressed as follows (Longair 1994) ;
where N H (cm −2 ) is the interstellar proton column density, and ε (keV) is photon energy of X-rays. N H of the most intense molecular cloud MC1 is estimated to be ∼ 1.0 × 10 22 cm −2 (see Figures 4a and 4b) , which is consistent with the X-ray study by Kavanagh et al. (2015) . The X-ray optical depths are calculated to be ∼ 0.3 at 2 keV and ∼ 0.01 at 7 keV, and hence the interstellar absorption effect is negligible. Kim et al. (2003) . We found three Hi clouds toward 30 Doradus C in a velocity range of V LSR = 251 to 276 km s −1 . Two of them are embedded within the northwest and southwest shells, while the southeast cloud seems to be distributed outside of the shell. The intensity peak of the northwest cloud shows good spatial correspondence with the nonthermal X-ray peak within the angular resolution of the Hi data. Note that the Hi intensity of the western shell is twice as high as that of the eastern shell. Figure 3 shows the velocity-Declination diagram of Hi. We found an Hi cavity-like structure in the velocity range from 251 to 276 km s −1 , which has a similar diameter to 30 Doradus C in terms of the Declination range. The expanding motion was also slightly seen in the CO clouds, but it is not highly significant due to a low signal to noise ratio of the current dataset.
Figure 4(a) shows the Chandra non-thermal X-rays (2.0-7.0 keV) superposed onto the H.E.S.S. TeV γ-ray Note-Col. 
, where µ is the mean molecular weight, mH is the mass of the atomic hydrogen, D is the distance, Ω is the solid angle in a pixel, and N (H2) is molecular hydrogen column density for each pixel. We used µ = 2.38 by taking into account the helium abundance of 36% to the molecular hydrogen in mass, and N (H2) = 7.0 × 10 (Fukui et al. 2008) . (9) Number density of molecular hydrogen. (10) The names of the CO clouds 30Dor-25, 26, and 28 identified in Johansson et al. (1998) are noted. • 98 to 84.
• 02 shown in Figure 1d . The dashed circle corresponds to the shell radius of 30 Doradus C. contours in white (H.E.S.S. Collaboration et al. 2015) . The X-ray image was smoothed with a Gaussian kernel to match the point-spread function (PSF) of the H.E.S.S. data. The TeV γ-ray contours have two peaks; one is located in the center and the other is expanded to the left side in Figure 4 (a). The former is from 30 Doradus C, and the latter is from the pulsar-wind nebula N157B. According to H.E.S.S. Collaboration et al. (2015) , the TeV γ-ray excess toward 30 Doradus C is considered to be independent from the γ-ray emission of N157B. For this study, we focused on the TeV γ-rays from 30 Doradus C. In Figure 4 (a), it seems that the intensity peak of the TeV γ-rays is coincident with that of the non-thermal X-rays within the large PSF of H.E.S.S..
Figures 4(b) and (c) show the distribution of total interstellar proton column density, N p (H 2 + Hi), obtained as N p (H 2 + Hi) = 2 × N (H 2 ) + N p (Hi), where N (H 2 ) and N p (Hi) are the number densities of molecular and atomic hydrogen, respectively. We used relation N (H 2 ) = 7.0 × 10 20 × W (CO), where W (CO) is velocity-integrated intensities of CO (Fukui et al. 2008 ). On the other hand, the estimation of atomic hydrogen density would require more careful analysis. According to Fukui et al. (2015) , 85% of Hi is optically thick (τ ∼ 0.5-3) in the Milky Way, and this trend also can be applied to the LMC. The averaged column density of Hi is 2-2.5 times higher than that derived by the opti- cally thin assumption. Therefore, we used relationship N p (Hi) = X × 1.823 × 10 18 × W (Hi), where X is scaling factor and W (Hi) is the velocity-integrated intensities of Hi. We estimated N p (Hi) in both cases of the optically thin (X = 1, Figure 4b ) and the optically thick (X = 2, Figure 4c ). It can be clearly seen that N p (H 2 + Hi) is distributed from the center to the northwest of 30 Doradus C, while there is much less gas in the southern and eastern regions. The N p (H 2 + Hi) distribution shows a spatial correspondence with the TeV γ-ray contours. The mean interstellar proton density is estimated to be ∼ 40 cm −3 for the optically thin case; ∼ 60 cm
for the optically thick case, by assuming that the interstellar gas distribution also has a Gaussian shape similar to the X-rays with a radial extent of ∼ 47 pc and a thickness of ∼ 10 pc, where the radial extent is defined as the Gaussian peak radius (∼ 42 pc) + HWHM of the Gaussian shell (∼ 5 pc). The fraction of molecular and atomic proton density is almost 1 : 1 for the optically thin case; 2 : 5 for the optically thick case over the whole 30 Doradus C, while the density contribution of atomic proton is negligible toward the molecular clouds.
4. DISCUSSION
Kinematics of the interstellar gas
The CO/Hi cavity-like structure is generally considered to be a sign of expanding gas motion due to the stellar winds and supernova explosions. In fact, the cavity size is similar to that of 30 Doradus C in declination (see the dashed circle in Figure 3 ), indicating possible evidence for an expanding gas motion in 30 Doradus C. The result lends strong support for the physical connection of the molecular and atomic gases with 30 Doradus C.
The total mass of the interstellar gas associated with the superbubble is estimated to be ∼ 2.2-3.4 × 10 5 M ⊙ within the radial extension of ∼ 47 pc, the mass of atomic gas is ∼ 1.2-2.4 × 10 5 M ⊙ and that of molecular gas is ∼ 1.3 × 10 5 M ⊙ , where we assumed both optically thin/thick Hi and the helium abundance of 36% in the molecular hydrogen mass (c.f., Fukui et al. 2008) . The momentum of total interstellar gas with the expansion velocity of 12.5 km s −1 is calculated to be ∼ 3.1-4.6×10 6 M ⊙ km s −1 . On the other hand, typical momentum of stellar winds from the O-type and Wolf-Rayet stars are ∼ 2.0 × 10 3 M ⊙ km s −1 and ∼ 2.3 × 10 4 M ⊙ km s −1 , respectively (c.f., Abbott 1982) . The stellar winds from the 11 Wolf-Rayet stars and 35 O-type stars within the shell (Testor et al. 1993 ) lead the total momentum of ∼ 3.2 × 10 5 M ⊙ km s −1 , which is only ∼ 10% of the momentum of the expanding interstellar gas.
We claim that the momentum missing can be interpreted as mainly arising from pre-existing gas motion. Most recently, Fukui et al. (2017) found that two Hi/CO velocity components known as the "D-component" and the "L-component" are colliding toward the eastern gas ridge of the LMC containing 30 Doradus C. Typical velocity separation between the D-and L-components is from ∼ 10 to 50 km s −1 , which is consistent with the velocity separation of 30 Doradus C (∼ 25 km s −1 ). More-over, the Hi clouds with V LSR ∼ 254 km s −1 and ∼ 274 km s −1 in the p-v diagram extend outside of 30 Doradus C, particularly to the north of the superbubble; this cannot be predicted by the expanding Hi motion of 30 Doradus C alone (see Figure 3) . We therefore conclude that the large-velocity separation was created by both the collision of the D-and L-components and the expanding gas motion of 30 Doraduc C. It is therefore difficult to distinguish the expanding Hi motion from the pre-existing gas motion in this study alone. Further Hi and CO observations with a high angular resolution can reveal the kinematics of the interstellar gas associated with 30 Doradus C in detail.
Origin of the non-thermal X-ray shell
The global properties of non-thermal X-rays have been well-described in the previous studies (Bamba et al. 2004; Smith & Wang 2004; Yamaguchi et al. 2009; Kavanagh et al. 2015) . The non-thermal X-rays are significantly detected over the whole superbubble, while the brightest non-thermal X-ray shell is located in the western region (e.g., Kavanagh et al. 2015) . The Otype and WR stars are embedded within the bright non-thermal shell, whose stellar mass function is extremely top-heavy with nine WR stars, 35 O-type stars, and 23 B-type stars (c.f., Testor et al. 1993) . Future, typical young Galactic SNRs have a non-thermal X-ray luminosity of ∼ 1 × 10 33 erg s −1 (e.g., Nakamura et al. 2012) ,while the non-thermal X-ray luminosity of 30 Doradus C reaches ∼ 1 × 10 34 erg s −1 or higher (e.g., Bamba et al. 2004) . It is therefore likely that the nonthermal shell of 30 Doradus C was created by multiple supernova remnants during the last few thousand years.
In addition, non-thermal X-ray peaks show good spatial correspondence with the molecular clouds MC1-5 on a 10-pc scale, while the CO peaks show spatial offsets from the non-thermal X-ray peaks on a 1-pc scale. These trends are possible evidence for the shock-cloud interaction that appear in the Galactic SNRs RX J1713.7−3946 and RCW 86 (Sano et al. 2010 (Sano et al. , 2015 (Sano et al. , 2016 . In 30 Doradus C, the post-shocked gas density was at most n 0 ∼ 0.1-0.4 cm −3 as derived by the thermal X-rays in the southwest (Bamba et al. 2004; Kavanagh et al. 2015) , whereas the interstellar proton density of the CO cloud MC2 is estimated to be n cloud ∼ 3100 cm −3 . It is therefore suspected that the ambient gas inside the shell is completely evacuated by the strong stellar winds and several SNR shocks, while the CO clouds are survivors of shock erosion as the shock speed will stall toward the dense clouds as (n 0 /n cloud ) 0.5 (e.g., Sano et al. 2010) . The large velocity difference between the CO cloud surroundings and the inter-cloud space will enhance turbulence and magnetic field strength via the shockcloud interaction. According to the three-dimensional magnetohydrodynamic simulations, the magnetic field strength will be amplified up to mG (Inoue et al. 2009 (Inoue et al. , 2012 . The only difference between the Galactic SNRs and 30 Doradus C is a spatial scale of X-ray enhancement. The physical separation of CO and X-ray peaks of 30 Doradus C is ten times higher than that of Galactic SNR RX J1713.7−3946 (e.g., Sano et al. 2010 Sano et al. , 2013 . One should consider the possibility that the separation was smoothed due to the low spatial resolution of CO dataset. Further radio observations using ALMA, ASTE, and ATCA will reveal the interstellar molecular and atomic gas distributions at < 1 pc resolution as well as the details of the shock-cloud interaction.
Origin of the TeV γ-rays
H.E.S.S. Collaboration et al. (2015) recently announced TeV γ-ray detection towards 30 Doradus C. Follow-up analysis with F ermi-LAT also resulted in the detection of an extended γ-ray source west of 30 Doradus C (Ackermann et al. 2016) . In this section, we combine our ISM results with the X-ray, GeV and TeV observations to discuss the plausible hadronic/leptonic nature of this TeV source. As we are however unsure about the association between the TeV and GeV sources, we thus use the F ermi-LAT spectral flux (see black butterfly in Figure 5 ) as a upper-limit.
In the case of a hadronic scenario, γ-ray emission originates from the decay of neutral pions produced by the CR-ISM inelastic interaction. Assuming an averaged ISM proton density N p (H 2 + Hi) = 60 cm −3 , optically thick case, (see previous section) and a powerlaw distribution of CRs with spectral index α = 2.0, we note from Figure 5 (a) that the hadronic SED reproduces the H.E.S.S. observation for a total energy budget W p = 1.2 × 10 50 erg and a CR distribution energy cut-off E cut = 100 TeV. The hadronic gamma-ray flux being sensitive to the ISM proton density, the upcoming Cherenkov Telescope Array (CTA, Acharya et al. 2013) with its arc-min spatial resolution and increased sensitivity could help highlight the γ-ray emission produced inside the various aforementioned molecular clouds. As an example we focus on the cloud MC3 as it spatially overlaps the TeV emission and is similar in angular scale to the CTA resolution. With CTA's ability to achieve arc-min scale angular resolution, it may be able to resolve the TeV γ-ray emission towards molecular cloud cores and hence probe the diffusion properties of cosmicrays into such cores (see discussion by Gabici et al. 2007; Inoue et al. 2012) . Based on the volume ratio between the cloud MC3 and the superbubble 30 Doradus C, we assume that a fraction ∼ 5.0 × 10 −3 of the CR energy budget W p resides inside this molecular cloud. Using the previous CR spectral shape, we observe that the flux produced inside molecular cloud MC3 (see dashed line in Figure 5 (a)) could be detected, and perhaps resolved by CTA after at least 50 hours of observations. Alternatively, γ-ray emission is also produced by high energy electrons from Bremsstrahlung and inverseCompton radiation. As the type (continuous/impulsive) and age of the high energy source remains unconstrained, we intentionally do not use a time-dependent evolution of the energy distribution of electrons as H.E.S.S. Collaboration et al. (2015) . In order to account for the effect of radiative cooling at high energies (i.e. synchrotron and inverse-Compton), we instead use a broken power-law distribution dN e /dE ∝ (E/E break ) −αi exp(−E/E cut ) with α i = α 1 for E < E break and α i = α 2 for E ≥ E break .
As per H.E.S.S. Collaboration et al. (2015) we also assume two populations of IR target photons coming from 30 Doradus C (T 1 = 40 K, U 1 = 0.5 eV cm −3 ) and the Tarantula nebula (T 2 = 88 K, U 2 = 1.5 eV cm −3 ). As shown in Figure 5 (b), the leptonic SED matches the X-ray and TeV data if we assume a distribution of electrons with energy budget W e = 3.8 × 10 48 erg, spectral indices α 1 = 2.0 and α 2 = 3.4, E break = 10 TeV, E cut = 100 TeV and an averaged magnetic field B = 15 µG. We note that the Bremsstrahlung contribution is negligible at high energies. Finally, we argued in the previous section that the X-ray detections are non-thermal and can thus be explained by the propagation of high energy electrons towards the dense molecular clouds and their enhanced magnetic fields (e.g., Crutcher et al. 2010 ). Consequently, they are expected to undergo severe energy losses from synchrotron and IC radiation and, unlike the hadronic scenario, no inverse-Compton TeV emission should then be detected by CTA inside the molecular clouds. 
